INTRODUCTION
The goal of the contribution is to compare the 1-D model results and experiments with interpolation/extrapolation using an in-house procedure and GT-Power interpolation. The most frequently used turbocharger turbine modelling method is the 0-D approach based on turbine speed ( Figure 1 ) and efficiency ( Figure 2 ) maps. These SAE maps are based on experimental data from the turbocharger manufacturer. Measured data usually cover only a narrow area and the level of accuracy is relatively low. The problem of this approach is that the user of simulation software is able to obtain many different turbine maps from the same experimental data ( Figure 3) ; but which one is correct? It is necessary to leave the trial and error approach during the development process and change the method for modelling a turbocharger turbine. The challenge faced is optimisation of turbine design for the unsteady operation mode in conjunction with the reciprocating internal combustion engine. Improvement potential exists particularly at the low end of the engine WOT (wide-openthrottle) curve, and in appropriate prediction of transient load response. The next important reason for the work is that we still lack a proper twin scroll (Figure 4 It consists of ducts featuring total pressure and/or temperature changes and losses (inlet volute, nozzle blades, rotating impeller channels and outlet casing with a diffuser). The model covers the aerodynamics of turbine flow and mechanical losses in bearings. The mechanical losses in bearings are calculated by the semi-empiric regression model, which respects the load of radial and thrust bearings, oil viscosity and turbine size. The turbine power assessment is based on integration of local changes of angular momentum. The torque acting on the impeller is integrated using a Eulerian angular momentum balance. The turbine speed results from an angular momentum equation for the turbine-compressor shaft. The shaft is driven by a torque, which is calculated according to the results of torque integration at impeller pipe vertexes. The torque is reduced by the windage losses calculated from turbine speed, dimensions and gas density close to the impeller disc. The leakages are modelled using flow split elements and orifices with corresponding discharge coefficients. The model capability depends on the quality of the calibration process. An adequate range of available experimental data is necessary. The carefully calibrated 1-D turbine model enables extrapolation outside the range of experiments. The model description is given in [8] , [9] , [10] and [11] . The potential of the model rests in physical simulation of twin scroll turbines (Figure 4) , prediction of turbine behaviour at low speeds and evaluation of the influence of an outlet diffuser. To date two versions (CZ K36 and CZ C12 VGT) of the model have been developed and properly calibrated using experimental data. The results of simulation using the 1-D code may contribute to the further development of a radial turbine. A description of various simulation tools for testing the turbocharger performance and simulation results follow.
SIMULATION RESULTS

VIRTUAL TURBINE TEST BED
The first step was to develop the turbine test bed model ( Figure 5 ). The test bed is a simple but strong simulation tool. The advantage of this simple model is that it is easy to simulate any operation mode of the turbine. It is possible to unload or overload the turbine over a wide range. The specified inputs are inlet pressure, inlet temperature and required speed. SAE map with user fitting in GT-Power The goal of the 0-D map creation technique in SAE format was to find an accurate fit for turbine mass flow and efficiency that keeps errors as low as possible in comparison with the results of the 1-D model. Essential were the values of mass flow rate, efficiency, blade speed ratio, power and discharge coefficient. This technique utilizes the facilities of user fitting in GT-Power. It is clear that the resultant turbine fit is always something of a compromise, but the maximum error of the 0-D SAE map with user fitting compared to the 1-D data is less than 5% over a wide range. The resultant fit for turbine efficiency is plotted in Figure 6 .
Lookup table
The other method is utilization of a lookup table in GT-Power, where the solver uses the data supplied by the user directly without any fitting. The code linearly interpolates between the given points and extrapolates the mass flow rate and efficiency of the lowest pressure ratio on the given speed line down to a pressure ratio equal to one. It will take the lowest pressure ratio on the speed line and only apply the same mass flow rate and efficiency at the pressure ratio equal to one. The lookup table is convenient only if a broad range of speeds and pressure ratios is available, but on the other hand the number of rows is strictly limited. Examples of results from the 1-D turbine model (deep blue) and 0-D using the lookup table (red) are shown in the pictures. The dependence of efficiency on blade speed ratio is shown in Figure 7 . The pattern of reduced mass flow rate is shown in Figure 8 and the discharge coefficient in Figure 9 . The level of accuracy of the obtained results (CZ K36 type) seems to be sufficient.
Regression model based on experimental data
The experimental data were fitted using the in-house regression procedure. The regression relationships were built into GT-Power with the aid of our own turbine user model. The solver utilizes the appropriate output data of the user model directly without any interpolation or extrapolation.
VIRTUAL HOT GAS STAND -STEADY STATE
The one-loop hot gas stand model ( Figure 10) has been developed and properly tested. The model enables control of turbocharger speed, turbine pressure ratio or compressor pressure ratio by controlling the mass of fuel. It is also possible to simulate the transient states by controlling the fuel mass flow rate over time. The operating points of the CZ K36 1-D turbine, which has been loaded with a suitable compressor with a reference wheel diameter, are displayed in Figure 11 along with the constant pressure ratio lines obtained using the virtual test bed. The prediction of turbine behaviour at high pressure ratios, when transonic flow occurs, is complicated because there is a lack of experimental data for detailed modelling of in-turbine processes. This type of experiment is very expensive. The compressor average working points (the black circles) are shown in Figure 12 . There are two areas in the compressor map, the part based on input data and the extrapolated part. The aim was to test the turbine model over a wide area, so that compressor map extrapolation was unavoidable. The useful operating range of a compressor is limited by the surge line and the choke limit. The dependence of efficiency on blade speed ratio of various turbine models is depicted in Figure 13 . There is a comparison between 1-D model, 0-D SAE map with user fitting, 0-D using the lookup table and the regression model based on experiments. The turbines have been loaded by the same compressor with a reference diameter. The initial (25 kRPM) and final (130 kRPM) turbocharger speeds were identical in all mentioned cases. The obtained simulation results are comparable. The hot gas stand model is a useful tool for turbine-compressor matching [6] . The goal of the matching procedure is to find the appropriate compressor wheel for given turbine. The compressor must keep the turbine within its high efficiency region. The performance of the 1-D turbine (type CZ K36) loaded by various compressors corresponds to expectations, (Figure 14 ) and (Figure 15 ). The turbine is unloaded in conjunction with a small compressor and overloaded with a large one. The load of a turbine is also influenced by the inlet temperature. The presented compressors have been obtained by utilization of a speed lines multiplier. Both compressors (larger and smaller) utilize the speed lines of a reference compressor multiplied by a coefficient, which has been applied to the compressor speed. The coefficient is 0.75 in the case of the large compressor wheel and 1.25 in the case of the small one. This procedure is suitable as a first approximation at the beginning of turbine-compressor matching. A turbine must work with the highest possible efficiency.
VIRTUAL HOT GAS STAND -TRANSIENT STATE
As mentioned above, the developed model of a one-loop hot gas stand enables simulation of transient states. The turbocharger performance is controlled by the amount of fuel over time. The goal was to test the behaviour and to verify the robustness of the current 1-D turbine model in transient states. Two variants of transients (Transient A, Transient B) were simulated. The 1-D turbine (CZ K36) was loaded by the identical type of compressor (reference) for both steady state and transients. The initial turbocharger speed (30 kRPM) was the same for both transient states. Figure 16 shows the fuel mass flow rate during the tests. The results in Figure 17 and Figure 18 are compared with the 
VIRTUAL SI ENGINE
The next step was to simulate the turbine performance in conjunction with a reciprocating four-stroke spark ignition internal combustion engine. The basic parameters of the virtual engine model are shown in Table 1 
CONCLUSION
The goal of the work was to verify the potential of the current 1-D turbine model. The unsteady physical model has proved its robustness, reliability and predictive capability at steady and transient states on a one-loop hot gas stand. The virtual turbine test bed, as a strong simulation tool in the process of evaluation and verification of various turbine models over a wide working range, enables generation of 0-D turbine maps based on the 1-D results with an acceptable level of accuracy. The advantage of the 1-D unsteady model is its physically based extrapolation. 
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